We describe here a technique for the visualization of viral vector delivery by magnetic resonance imaging (MRI) in vivo. By conjugating avidin-coated baculoviral vectors (Baavi) with biotinylated ultra-small superparamagnetic iron oxide particles (USPIO), we are able to produce vector-related MRI contrast in the choroid plexus cells of rat brain in vivo over a period of 14 days. Ten microlitres of 2.5 Â 10 10 PFU/ml nuclear-targeted LacZ-encoding Baavi with bUSPIO coating was injected into rat brain ventricles and visualized by MRI at 4.7 T. As baculoviruses exhibit restricted cell-type specificity in the rat brain, altered MRI contrast was detected in the choroid plexus of the injected ventricles. No specific signal loss was detected when wild-type baculoviruses or intact biotinylated USPIO particles were injected into the lateral ventricles. Cryosectioned brains were stained for nucleartargeted b-galactosidase gene expression, which was found to colocalize with MRI contrast. This study provides the first proof of principle for robust and non-invasive viral vector MRI by using avidin-displaying viruses in vivo. Considering the widespread use of MRI in current medical imaging, the approach is likely to provide numerous future applications in imaging of therapeutic gene transfer.
Introduction
Molecular medicine and gene transfer for therapeutic purposes are developing rapidly, and a pressing need for non-invasive, real-time in vivo detection of viral vectors has emerged. In recent years, nuclear magnetic resonance techniques and magnetic resonance spectroscopy have stepped into the limelight as a powerful imaging modality for detecting the effects of therapeutic gene therapy. [1] [2] [3] In addition, magnetic resonance imaging (MRI) has been successfully employed to visualize gene expression in vivo, 4, 5 and more recently for detecting the presence of a ferritin marker gene after viral transduction in mouse brain in vivo. 6 With these advances in mind, a robust, preferably noninvasive and widely applicable method for detecting the actual vectors would be highly desirable. Conventional imaging techniques for assessing viral biodistribution, such as immunohistochemistry or polymerase chain reaction, are, albeit sensitive, highly laborious and lack the important non-invasive real-time option that would be required, especially for clinical work.
Vector imaging in vivo has remained a challenge, particularly by MRI. In gene therapy, it is essential to achieve targeted and efficient gene delivery. In order to achieve an optimal effect on the target tissue, gene delivery to non-target cells should remain as low as possible. Although efficient delivery of genes can be obtained by using non-viral vectors, such as polycationic dendrimers or liposomes, viral vectors are far more efficient in gene delivery to mammalian tissues in vivo. 7, 8 The biodistribution of viral vectors can vary greatly according to the properties of the surface proteins and their interaction with the cell surface. Viral targeting and pseudotyping have been used to modify the trophism and biodistribution of vectors used, most commonly with chemical or genetic modifications of the virus surface. 9, 10 Vector imaging and biodistribution studies in vivo would, therefore, not only be required for clinical applications, but also to examine the effects of such viral vector development. So far, viral vector imaging has only been achieved using whole-body nuclear imaging of rat 11 and rat brain. 12 Despite their sensitivity, the spatial resolution of nuclear imaging is poor (several millimeters), and the presence of ionizing radiation can be potentially harmful for cells. Also, the number of nuclear imaging scanners is clinically limited compared to MRI.
The current study was designed to develop a technique to allow non-invasive imaging of baculoviral biodistribution in vivo by MRI. Baculoviruses have been shown to be effective gene transfer vectors in vertebrate cells. 13, 14 The recently developed, avidindisplaying baculovirus Baavi 15 enables coating of the virus with a multitude of biotinylated molecules, and thus results in a versatile platform for labeling and to study and influence baculovirus-mediated gene delivery. In this study, we used biotinylated ultra-small superparamagnetic iron oxide particles (USPIO) to visualize the accumulation of avidin-displaying viruses in rat brain in vivo. Similar iron oxide nanoparticles have been applied to track iron-labeled stem cells in vivo 16, 17 and the detection of apoptosis in vivo, 18 as well as for receptor-mediated magnetic labeling of cancer cells. 19 In this study, we describe a proof-of-principle method for efficient non-invasive visualization of viral vector targeting in vivo -a gene transfer technique that has not so far been utilized within the potential applications of in vivo MRI.
Results
In order to obtain information about the binding of nanoparticles to the virus (Figure 1a ), atomic force microscopy (AFM) was used. The results confirm that nanoparticles of the estimated size are bound to the virus surface with an average of 1-2 virions per particle (Figure 1b ). bUSPIO were detected in the size range of 4277 nm in conjunction with viral particles (ranging 200-300 and 24-27 nm in length and width, respectively). The results are in general agreement with our previous results using gold and larger iron oxide particles. 15 Transduction assays in HepG2 cell lines show that bUSPIO coating of the avidin-displaying baculovirus (Baavi) increased both transduction efficiency ( Figure 2a ) and transgene expression level (Figure 2b ).
When avidin-displaying viruses were conjugated with bUSPIO before injection, viruses could be detected in the ipsilateral ventricle of rat brain, even with the earliest technically obtainable time point (2 h after injection). The animals underwent MRI scans at 4.7 T at time points of 2 h and 1, 3, 6 and 14 days after the injection. Using gradient echo contrast, which renders tissue more susceptible to the field-dephasing effects of iron oxide, the signal could be further enhanced but at the cost of anatomic reference points (Figure 3a) . Using spin-echo contrast, however, sufficient contrast effects could be detected with less blooming effect and better anatomical acuity (Figure 3b ). This signal loss could be visualized from the ipsilateral ventricle (Figure 3c ) of the rat brain with avidin-displaying viruses (Figure 4a ). We then Figure 1 Presentation of bUSPIO-conjugated avidin-displaying baculovirus (Baavi). The construct structure together with virus and 50 nm bUSPIO is described in the schematic figure (a). bUSPIO attachment to viral particles was confirmed by AFM (b). In-plane scale bar is shown at the bottom; out-of-plane scale (height) is demonstrated by sliding color scale. , and dark areas low signal intensity owing to the presence of contrast agent. As can be seen, remarkable signal loss is detectable in T2*-weighted MRI images (a), showing that gradient echo imaging provides improved sensitivity. However, sensitivity appears sufficient, and anatomical features are better preserved and delineated in (b). A superimposed anatomical reference map together with spin echo image (c) of rat brain after Baavi+bUSPIO is also shown from one animal. In this composite, ventricles are of high signal intensity (white) and brain regions are delineated by gray lines.
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examined whether nonspecific binding of bUSPIO could cause this signal loss and found that either 2 h after the injection or 1 day later, an equal amount of plain bUSPIO did not generate similar contrast (Figure 4b ) to that observed in animals injected with bUSPIO-conjugated Baavi. Also, the MRI imaging did not have any effect on the transduction pattern of bUSPIO-labeled Baavi (data not shown).
To verify that the contrast was generated by viral particles carrying iron oxides, we examined its correlation to iron detectable in rat brain. For this purpose, we examined cryosectioned brain slices for iron with the Prussian blue method. However, as the total amount of the accumulated iron in rat brain was expected to be quite low, we used diaminobenzene (DAB) enhancement for better visualization. Negative controls showed no detectable deposition of iron in choroid plexus cells (Figure 5a ). When bUSPIO-coated baculoviruses were injected directly into brain parenchyma to serve as an internal positive control, significant iron-positive staining could be observed ( Figure 5b ) from consecutive sections. Upon examination of rat brains injected with bUSPIO-coated Baavi, we found consistent staining of cuboid epithelial cells of the choroid plexus cells in tissue sections from the ipsilateral side (Figure 5c ), whereas the rest of the brain remained unstained. This staining was in good agreement with the MRI data. No significant staining could be observed on the contralateral side (data not shown).
After successfully demonstrating that Baavi could be detected by MRI in vivo, we wanted to verify the true utility of the technique by demonstrating that the coating of the virus vector had not affected its capacity to transduce choroid plexus cells. To achieve this, we assessed the expression of the nuclear-targeted LacZ transgene with b-galactosidase staining from cryosectioned rat brains ( Figure 6 ). We showed previously that baculovirus exhibits strong trophism towards cuboid epithelial cells of choroid plexus in the ventricles.
14 Wildtype LacZ baculovirus with the same expression cassette resulted in gene expression detected almost exclusively in choroid plexus cells (Figure 6a ). Interestingly, as compared to the non-coated Baavi (Figure 6b ), the expression pattern was somewhat wider with bUSPIO coating, and extensive expression was seen in choroid plexus cells (Figure 6c) . Expression of the bUSPIO-coated Baavi was comparable to wild-type LacZ baculovirus, with large numbers of positively stained cells in the choroid plexus. A few positive cells were also detected on the contralateral side in some brain slices (data not shown). However, as the number of such cells was extremely low, contribution to the MRI contrast was expected to be neglible. . bUSPIOcoated Baavi injected into the lateral ventricle causes a long-lasting ipsilateral signal loss corresponding to choroid plexus uptake as confirmed by histology, whereas no contrast changes are detectable in animals that received an intraventricular injection of pure contrast agent (bUSPIO) only.
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Our data therefore indicate that on the basis of the b-galactosidase expression and positive iron staining, both baculoviruses and bUSPIO particles were colocalized to the choroid plexus cells, and could thus be accurately visualized by MRI.
To address whether the techniques used here exposed the cells to unknown toxic effects, we used a standard methyl thiazole tetrazolium (MTT) assay in vitro, and found no indication of increased cytotoxicity with noncoated or bUSPIO-coated Baavi (data not shown). This finding is in agreement with the previous work 15 and results from in vivo MRI study. 20 Furthermore, neither apparent gross cytotoxic effects nor hydrocephalus was associated with the injection of Baavi and bUSPIO in vivo on histology sections or MRI.
Discussion
In this study, we demonstrate a proof-of-principle for MRI detection of viral biodistribution in vivo. By coating avidin-displaying baculoviruses with bUSPIO, we were able to use MRI for visualizing viral biodistribution in rat brain in vivo during different time points.
As AFM produces accurate dimensional data after non-destructive measurement and is less vulnerable to imaging artifacts than electron microscopy, 21 we used AFM to determine the size and composition of bUSPIO/ Baavi complexes. We observed that keeping the viral particles highly saturated (100:1) with multibiotinylated USPIO during the overnight coating limited the formation of crosslinked aggregates, resulting in small-sized iron-virus complexes with a median of 1-2 virus per bUSPIO. We conclude that these factors together improved bUSPIO-Baavi diffusion to CSF in vivo.
To compare the transduction performance of the bUSPIO-coated and non-coated Baavi in vitro, we evaluated both the transduction efficiency and the expression level of the b-galactosidase marker protein. bUSPIO coating increased both transduction efficiency and expression level of the transgene, which is in agreement with the described transduction mechanism of iron particle complexes. 22 After the intraventricular injection into the rat brain, we found a specific loss of MRI signal on the injected side of the rat brain ventricle, consistent with iron oxide loading, which remained detectable for 2 weeks. Baculoviruses are known to exhibit strong tropism towards choroid plexus cells, 14 and the accumulation of iron in these cells helps to explain the MRI contrast changes in the corresponding areas of the rat brain. Even though the choroid plexus cells are known to have extensive endocytotic traffic, 23 the contrast changes could not be explained by passive endocytosis of the bUSPIO particles, as no MRI signal changes could be detected in animals receiving an equal amount of iron in a plain bUSPIO suspension. The slight blooming effect observable in spin echo images causes the region of enhanced contrast (i.e. signal loss) to be a few millimeters larger than the area actually confirmed by histochemical methods. 24 The loss of the MRI signal during time studied here may be explained by choroid plexus cell turnover or even cell proliferation as a response to injury. 25 After intracerebral administration, USPIO particles have been observed to accumulate in cervical lymph nodes via CSF efflux, 24 which agrees with our previous findings of baculovirus systemic escape to ectopic tissues.
14 These observations could explain the fate of non-uptaken bUSPIO and bUSPIO-Baavi complexes that are not taken up.
Neither spin nor gradient echo imaging results in signal loss after ventricular injection of bUSPIO or Baavi alone. Owing to anesthesia, the first technically obtainable time point was 2 h. The iron administered (500 ng) in these control studies diffuses to the rat ventricular system (B300 ml) and reaches a maximal concentration of only 1.7 ng/ml. Moreover, as CSF clearance is reportedly rapid 26 with 1 h turnover in rats, 27 after 2 h (the/any) unbound bUSPIO or non-endocytosed bUS-PIO-Baavi particles are likely to have diluted and escaped from CSF as reported previously. 24 The transduction efficiency of the bUSPIO-labeled Baavi in choroid plexus cells in vivo is in line with our previous findings 14 of baculovirus without avidin. The relationship of the iron originated signal loss to the biodistribution of the baculovirus was confirmed by two independent methods, firstly by DAB-enhanced Prussian blue staining for iron and secondly by b-galactosidase staining for the viral LacZ transgene expression. Both methods resulted in staining of the cuboid epithelial cells of the choroid plexus. As the CSF flow originates from the lateral ventricles and passes through the third and fourth ventricles to the superior sagittal sinus via the subarachnoid space, 28 the liquid dynamics are likely to prevent the diffusion of bUSPIOvirus particles from the injected ipsilateral ventricle to the contralateral ventricle. This hypothesis was confirmed by our unilateral MRI data, b-galactosidase staining resulting in only a few positive cells and by the less sensitive Prussian blue staining, which did not result in staining on the contralateral side. Some positive cells were also seen in the brain parenchyma as we have observed occasionally also with non-coated Baavi after ventricular injection.
The data confirm the colocalization of bUSPIO with Baavi and moreover indicate that Baavi can deliver cargo to choroid plexus cells. As human choroid plexus cells produce 500 ml CSF per day and are reported to be involved in various medical conditions 23 and even in brain regeneration, 25 the possibility of affecting the central nervous system by gene therapy via the CSF would be intriguing. As gene therapy continues to evolve towards clinical applications, 29 the need to develop more efficient vectors has become evident. A deeper understanding of the molecular aspects of the vector delivery and distribution can only be achieved by the development of new in vivo imaging methods for non-invasive, real-time detection of the actual viral vectors. The non-invasive detection of marker genes 6 is an elegant indicator of successful gene transfer, essentially serving as a surrogate marker for the vector. However, imaging of transgene expression is limited to the detection of permissive cells only, whereas possible entrapment of viral vectors to non-permissive cells could be overlooked.
With these findings, we have now reached a point where all three major phases, namely delivery, expression and outcome, of therapeutic gene transfer can be visualized by MRI. This could decrease the time and Viral particle biodistribution JK Räty et al effort needed to examine the effect of targeting molecules on virus biodistribution. More work is still needed to develop MRI-based quantification of viral biodistribution to the level of radionuclide imaging, however. Nuclear imaging techniques are inherently quantitative, and can be several magnitudes more sensitive than MRI, which is a clear advantage in whole-body biodistribution studies. Unlike iron oxide nanoparticles, isotope labels are small and labeling strategies are more straightforward. However with MRI, animals are not subjected to radiation, and the spatial resolution is far superior to isotope techniques (which, at best, are in the millimeter range). While this study was conducted using avidindisplaying baculovirus, the proof-of-principle concept using an avidin-biotin vector platform could be extended to other viruses, 30, 31 thus widening the MRI applications available for use in gene therapy.
Materials and methods

Biotinylation of nanoparticles
USPIO particles (50 nm; PMC-50, Fe 3 O 4 Kisker GMBH, Steinfurt, Germany) were coated with d-biotin (SigmaAldrich, St Louis, MO, USA) by using O-benzotriazole-N,N,N 0 ,N 0 -tetramethyl-uronium-hexafluorophosphate (HBTU, GL Biochem Ltd, Shanghai, China) as a coupling reagent. Ten milligrams of USPIO particles (5 mg/ml in water) was mixed with 80 mmol of HBTU dissolved in 1.5 ml of dimethylformamide (DMF) and divided into two vials. Then 150 mmol of biotin dissolved in 2 ml of DMF and 2 ml of pure DMF were added to the vials. Finally, 20 ml of diisopropyl ethanolamine (DIPEA, Fluka, Steinheim, Germany) was added to both vials and the vials were mixed in an end-over-end mixer for 2 h at room temperature (RT). After incubation, biotinylated and control particles were transferred to dialysis cassettes (MWCO 10000, Pierce, Rockford, IL, USA) and dialysed against phosphate-buffered saline (PBS) pH 7.4 overnight at RT. The particles were concentrated to 5 mg/ml in PBS by using Amicon Ultra Centrifugal Filter Device MWCO 30000 (Millipore, Billerica, MA, USA). The biotinylation of the USPIO particles was verified by using a pull-down test with streptavidin Sepharose (17-5113-01, Amersham Biosciences AB, Uppsala, Sweden) suspension. The particles were mixed with Sepharose suspension with and without free biotin and after 5 min incubation the Sepharose was centrifuged down. The color of the supernatants and Sepharose of the biotinylated and control particles were monitored by eye and the supernatants was further measured with spectrophotometer at 405 nm.
Coating viruses with bUSPIO
Avidin-displaying baculovirus 15 (2.5 Â 10 10 infective particles/ml) was mixed with biotinylated 50 nm superparamagnetic nanoparticles with a ratio of B100 spheres per infective virus particle (in 1:100 spheres/virus volume) and allowed to incubate overnight at +41C.
MTT assay
Cytotoxicity of Baavi or bUSPIO-coated Baavi was determined by CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA) according to the manufacturer's instructions. The measurements were carried out with a minimum of five replicates. Absorbance was measured at 492 nm. Survival percentages were calculated by comparison with the absorbances of the no virus wells or no butyrate wells (100% survival).
Transduction efficiency
HepG2 cells were seeded at 20 000 cells per 12-well plates in their recommended medium. After 24 h, the medium was removed and fresh complete medium containing virus dilutions was added. After 24 h incubation, cells were fixed with 1.25% glutaraldehyde and stained with X-gal to visualize b-galactosidase-expressing cells and blue cells were counted. 
AFM
For AFM imaging, nanoparticles and viruses were mixed 1:1 and incubated for 1 h at RT. After incubation, 20 ml of the mixture was placed on freshly cleaved mica (SPI Supplies, West Chester, PA, USA) and the sample was dried in a desiccator for 1 h. Before the AFM imaging, samples were washed with distilled water and carefully dried using a N 2 stream. Dry samples were imaged with a Dimension 3100 Atomic Force Microscope with Nanoscope IV controller (Vecco Instruments, Santa Barbara, CA, USA). Imaging was conducted in tapping mode using RTESP tips (Vecco Instruments, Rochester, NY, USA) and a scanning speed of 1-2 Hz. NANO-SCOPE 6.11 software (Vecco Instruments) was used for the analyses.
Stereotactic injections to rat ventricles
Female inbred BDIX rats (200-250 g) were anesthetized intraperitoneally with a solution (0.150 ml/100 g) containing fentanyl fluanisone (Janssen-Cilag, Hypnorm, Buckinghamshire, UK) and midazolame (Roche, Dormicum, Basel, Switzerland) and placed into stereotactic apparatus (Kopf Instruments, Tujunga, CA, USA). A total volume of 10 ml of the virus and bUSPIO solution in PBS/0.1% sucrose was injected using a Hamilton syringe with a 27-gauge needle into the right ventricle (coordinates: 1.0 mm caudal to bregma, 1.5 mm right to sutura sagittalis, and depth of 3.5 mm). The total amount of iron administrated was 500 ng with 2.5 Â 10 8 infective baculoviral particles per animal. Rats were killed at different time points, perfused with PBS intracardially and fixed in X-gal fix for 30 min. The brains were rinsed for 2 h in PBS, after which they were embedded in OCT for cryosectioning. 2 , respectively, and fastened to a stereotactic holder with ear pins and mouth bar. Animal core temperature was maintained close to 371C using a water-heated pad. Image reconstruction and analyses were performed using Matlab (Mathworks, Natick, MA, USA) routines.
b-Galactosidase staining
Cryosectioned rat brain sections (12 mm) were washed 2 Â 5 min with PBS and incubated overnight with X-gal staining solution (1 mg/ml 5-bromo-4-chloro-3-indolylbeta-D-galactopyranoside in N,N-dimethylformamide added to 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 and 2 mM MgCl 2 ) at +371C. Slides were rinsed with PBS and counterstained with Mayer's Carmalum, fixed with increasing concentrations of ethanol and mounted with Permount.
DAB enhanced iron detection
Cryosectioned brain slices were washed with PBS and incubated for 1 h with Prussian blue reagent (fresh 1:1 solution of 2% HCl with 2% K 4 Fe(CN) 6 ), and then washed 2 Â 5 min in PBS and incubated for 20 min with 1:10 solution of DAB. After this slices were washed with PBS and fixed with increasing concentrations of ethanol and mounted with Permount.
Statistical analyses
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) and Student's unpaired t-test were used for statistical analyses.
